Abstract. Freezing of evaporating cloud droplets by homogeneous nucleation is an important mechanism for ice formation in the atmosphere, but it has been studied very little. Extension of the standard theory of homogeneous freezing to evaporating conditions results in an analytical expression for the freezing probability. A dimensionless freezing number Fh characterizes the process and is found to be proportional to the fifth power of the initial drop radius. For any finite value of Fh, the derived expression predicts that only a fraction of ariy uniform drop population will freeze, regardless of the time available. New laboratory measurements of individual droplets levirated electro dynamically confirm the essential features of the expression and yield nucleation rates that are consistent with those determined by others.
Introduction
Homogeneous freezing nucleation is an important mechanism by which ice is produced in the atmosphere, particularly in the upper troposphere and lower stratosphere. [Benson, 1970] 
Freezing Probability for Evaporating Droplets
Atmospheric cloud droplets do not freeze at 0 øC, the melting point of pure ice, because the formation of an iceliquid interface is energetically expensive. Even though bulk ice is more stable than bulk liquid water at temperatures below the melting point, a small ice embryo has a large surfaceto-volume ratio and, therefore, its surface energy dominates its total free energy. Beyond some critical radius, the total free energy of an ice embryo decreases with increasing radius, thus allowing for further growth. where we have emphasized the time dependence of volume and the temperature dependence of the nucleation rate. Because convective clouds contain regions of active mixing with relatively cold, dry environmental air, we expect that at any given time there are large numbers of evaporating cloud droplets in a cloud. For the specific case of evaporating water droplets, we make several assumptions that allow for an analytical solution to Eq. 1. This solution may be applied to both real clouds and laboratory experiments in which water droplets experience subsaturated environments.
For droplets sufficiently large that the continuum theories of heat and mass transfer are valid, evaporating droplets have a constant temperature (the wetbulb temperature), in which case Jls (T) in Eq. 1 is also constant. The integration time in Eq. 1 begins at zero, which is taken to be the time at which the droplet is suddenly cooled to a temperature low enough that Jls (T) is not infinitesimally small. 
Laboratory Measurements of Evaporation Freezing
We conducted a laboratory investigation of the homogeneous freezing of evaporating water droplets at low temperatures (• -35 øC) . The experiment consisted of injecting individual water droplets into a known, subsaturated environment and observing the initial size and the time of freezing. When repeated for a large number of droplets, the measurements may be compared to Eq. 2. In addition, by comparing measurements and theory we are able to determine the homogeneous freezing rate for the specific temperature and pressure corresponding to the experiment.
The data presented here were collected with a laboratory system specifically designed for studying individual cloud particles under upper-tropospheric conditions [Shaw, 1998 ]. played on a single curve (rather than as a family of curves as in Fig. 1 ) by dividing the data into radius bins and plotting the fraction of droplets that froze within some specified time interval as a function of initial radius. while the disagreement between the data and the constantvolume curve is significant, the evaporation-freezing curve is a satisfactory description of the data.
Our droplet-launching technique produces drops of radius ranging from roughly 10 to 50/•m. The data are disThe expression for freezing probability of evaporating water droplets has been shown to be useful for analyzing laboratory data. It may be applied to the atmosphere as well, as long as the approximations made in the derivation are not violated. When a population of cloud droplets begins to evaporate, there is a freezing number associated with each droplet, which allows for an estimate of the freezing probability of each droplet. Of course, in the atmosphere it is unlikely that droplets will come into contact with completely dry air as in the laboratory, and cloud droplets will not be pure water but will contain other chemical species. These issues must be considered if detailed information on droplet freezing rates is required.
We have presented an extension of the standard theory of homogeneous nucleation for the condition of evaporating cloud droplets. Approximations that often are valid in the atmosphere and laboratory allow for an analytical expression for the probability of freezing. The derived expression depends on a dimensionless freezing number which is proportional to the fifth power of the initial droplet radius. The expression also predicts that only a fraction of a population of cloud droplets will freeze before the droplets completely evaporate. Laboratory measurements of freezing rates for evaporating cloud droplets have been compared to the standard, constant-volume equation for droplet freezing probability as well as the equation derived here for evaporating droplets. The data support the conclusions that under certain conditions only a fraction of droplets will freeze before evaporating and that the freezing probability is strongly size dependent. When compared to the expression for evaporation freezing, the measurements yield nucleation rates that are consistent with previous measurements.
A focus of future studies will be to obtain larger data sets to improve statistics and reduce error bars. In addition, future work will concentrate on the applicability of these studies to heterogeneous nucleation and on the possible effects of chemical species on homogeneous freezing rates. Finally, we note that no enhancement in the nucleation rate due to kinetically-induced droplet cooling [Cooper, 1995] was observed in these experiments. Similar measurements at lower pressures are more likely to isolate kinetic effects [Shaw and Lamb, 1998 ] and results from such experiments will be published in a future article.
